In this work, physiological characteristics of the socks made from yarns with similar physical and mechanical properties but of different raw materials (100 % bamboo fibers, 100 % cotton fibers, 100 % viscose, and blend with ratio 60 % cotton/40 % PES) were investigated. The socks were knit with plain right-left 1:1 stitch and a ribbed 3:1 right-left stitch. In both stitches, the socks made from the bamboo yarn showed much better thermo-physiological characteristics compared to those made from conventional fiber yarns. Because of micro-cracks in the structure of fibers,the knitwear made from bamboo yarn has much better moisture absorption and at the same time the excellent ventilation and keeps the warmth. This contributes to the feeling of freshness and relaxation and has a particularly good effect of cooling in the summer. All this suggests that in the future, due to its properties, the bamboo fiber and yarn made from it will be increasingly used in the textile industry.
Introduction
In addition to functional aspects of clothing, such as insulation and protection, clothing also has a cultural aspect, which is sometimes counterproductive in relation to the first aspect. Also, when the function of clothing is not only to protect against the heat and cold, as is the case of special purpose clothing, there may arise a conflict between the protective function of clothing and the thermal function of the body, which causes discomfort of physical exertion, and in extreme cases, there may be a risk of an injury or illness due to the heat or cold. Therefore, the regulation of the body temperature and the heat exchange between the body and the environment is a very important process [1] .
One of the most important aspects of clothing is comfort. The properties such as thermal resistance, air permeability, or water vapor permeability, are important for thermal comfort of clothing. Clothing comfort plays a key role in its selection. It is believed that a product is evaluated precisely on the basis of these qualities. Clothing comfort depends on several factors, one of which is thermal comfort. Other factors influencing the comfort of clothing include softness, elasticity, moisture expansion, and others. It should be noted that yarn properties, such as thermal resistance, thermal conductivity and heat retention depend on knitwear characteristics, such as the structure, density, moisture content, type and properties of the fibers, the way of knitting, finishing, compressibility, air permeability, and the ambient temperature. Thus, the thermal comfort of knitwear really depends on the type of yarn or fibers and their properties. The type of fiber, spinning technology, mass per unit length, number of twists, hairiness of the yarn, knitwear thickness and porosity and finishing are the main factors that determine the performance and comfort of the knitwear [2] .
Water vapor permeability is a very important feature of the knitwear, especially for the knitwear worn under the conditions with the energy is spent which causes sweating. During certain activities, the human body is cooled by the evaporation of sweat, so the knitwear must have the ability to remove the moisture in order to preserve comfort and reduce the heat loss due to moisture. In addition to the above properties, the ability of a material to prevent or allow the passage of the air depends on the thickness, porosity, design, structure and geometry of the knitwear [3] .
Based on the properties they own, bamboo fiber yarns are characterized by an exceptional ability to breathe and the ability to maintain freshness. Scanning electron microscopy (SEM) of bamboo fibers revealed the internal structure of the bamboo fiber cross section, where it was found that the bamboo fiber is filled with countless micro-gaps and micro-cracks which contributes to better moisture absorption by the fibers and improves the ventilation [4, 5, 6, 7, 8] .
The main objective of this study was to investigate whether the thermo-physiological properties of the knitwear made from bamboo yarn differ significantly from the conventional knitwear made from natural and regenerated cellulose yarn.
In addition to the tests of structural characteristics of the used yarn, the air permeability, water vapor permeability and resistance to pilling tests were also carried out. The testing of the properties of these yarns was carried out according to standardized laboratory methods. They define the usefulness of the socks produced on Lonati machine from Italy, the most modern hosiery machines. The results of these tests are shown in Table 1 . Table 1 . Characteristics of yarns used in the sock production process
Experimental
The examination of the longitudinal yarn mass was conducted on an Uster apparatus in accordance with SRPS ISO 2060 standard, while the twist number was tested on a Torsiometer in accordance with SRPS ISO 2061 standard.
Also, comparative tests of the breaking force and yarn elongation were carried out on a "Kovstan" dynamometer with software, in accordance with SRPS ISO 2062:2002 standards.
A comparison of the values given in Table 1 for bamboo yarns and other tested yarns shows that the bamboo yarn has three times greater elongation than the cotton yarn, which is one of the important characteristics of the bamboo fiber yarn, that is, it has great elasticity. Only viscose yarn has lower, but similar elongation, and this originates from the fact that bamboo yarn is obtained by the same procedure as viscose yarn, and belongs to the same group of regenerated cellulose fibers, from which the later mentioned yarn is produced.
Other In the sock production plant, four types of yarns were used to produce two types of socks which were knit with a plain stitch, Figure 1 , and a ribbed stitch, Figure 2 . In addition to these yarns, used in making socks, which in our case represent a variable parameter, polyamide filament fineness 44×2 PA 6.6 and covered rubber thread in the initial elastic part, the so-called render, with fineness 90 were used as the invariable parameter.
The sock production was done at the facility with a relative humidity of 65 % ± 2 % at 25˚C ± 2. The prepared samples were left for 24 hours to relax and absorb some humidity, after that the socks were taken to the sewing machine where the front portion was seamed and the dimensions fixed by boarding machine. The testing of finished socks was done according to the above standards.
Results and Discussion
The following tests were carried out on the prepared sock samples:
Structural where m is the surface mass (g•cm -2 ), ρ is the fiber density (g•cm -3 ), and h is the knitwear thickness (cm). Owing to the structural similarity (fineness, or linear density of the yarn, number of twists) of the yarn given in Table 1 , knit socks were also compared with respect to the basic design characteristics. Socks of different types of yarn with plain stitch are shown in Table 2 , and socks with ribbed stitch are given in Table 3. 3(1) (2014), 59-65 Table 2 . Structural characteristics of the plain stitch sock knitwear Table 3 . Structural characteristics of the ribbed stitch sock knitwear Table 4 . Physical properties of the plain stitch sock knitwear Table 5 . Physical properties of ribbed stitch sock knitwear
In Table 2 and 3 Dh -number of loops per width; Dv -number of courses per length; c -density coefficient; D -total density; h -knitwear thickness; m -surface mass; l -length of yarn per loop; TF -covering coefficient; P -knitwear porosity.
The thermo-physiological behavior of knitwear is influenced by bulk density, porosity, air permeability and water vapor permeability. Bulk density of the knitwear, δ (g•cm -3 ), is defined as the quotient of the surface density and thickness of the knitwear. The porosity of the knitwear, P (%), is defined as open spaces between the yarns and within the yarn. Considering that the yarn was obtained by conventional (ring) spinning which allows the compact structure of the core and, to a lesser or greater extent, the fibrous structure, we obtain lower values for the porosity of the socks with plain stitch compared to the socks with a ribbed structure, as it can be seen from Tables 2 and 3 .
Air permeability was assessed according to SRPS EN ISO 9237 standard on a CARL SCHROEDER-L-14 apparatus, after the samples had been conditioned to standard requirements. In our case, the studied area was 10 cm 2 . The sample of the given size was placed on the ring and tightened. The suction fan mounted on the sample produced under-pressure of 0-20 mbar (0-2×10 From Tables 4 and 5 it can be seen that the values for physical properties (bulk density, air permeability, water vapor permeability and resistance to pilling) differ for socks with plain and ribbed stitches.
It is believed that the flow of air occurs in the space between the yarns affecting air permeability. Almost the entire flow occurs through the pores in the yarn; therefore, the structure of the knitwear has an important impact on the air permeability. In our case, the plain socks have a more compact and tight structure compared to the ribbed stitch socks, where the porosity within the yarn is greater and depends not only on the type of the yarn used, but also on the structure of the knitwear. Based on the test results for plain and ribbed socks, air permeability was lowest in the socks made from bamboo fibers, which proves the influence of micro-cracks within the fiber which take over the air that passes through the knitwear. All this confirms the superiority of the bamboo fiber yarn that is rightly called a hollow fiber.
The socks with the plain stitch made from the yarn blend of 60 % cotton and 40 % PES have the highest value for air permeability. The compact structure of the plain stitch can be explained by the presence of PES fibers in the yarn in the amount of 40 %.
The obtained values of air permeability of the viscose yarn used in the production of socks with plain stitch were in the same range as those obtained for the 100 % cotton yarn.
The ribbed stitch socks made from the viscose yarn show the highest value for air permeability, which is mostly influenced by the structure of knitwear. The 3:1 ribbed stitch and pure viscose fibers show the best results.
The results of air permeability of the socks with plain stitch given in Table 4 are shown graphically in Figure  4 , and the results of air permeability of the socks with ribbed stitch given in Table 5 are shown graphically in Figure 5 . Comparing the diagrams of air permeability of the plain stitch socks with those of the ribbed stitch socks we see that due to the structure of the ribbed knitwear, the socks with a ribbed stitch have a greater length of the loop, resulting in a 3.5 times greater air permeability, which is manifested in the same manner in all sock samples. It is very important that the lowest value for air permeability obtained was just in the socks made from the bamboo yarn.
As for the air permeability of the socks with plain and ribbed stitches, it can be concluded that it depends on the covering coefficient, linear module of the loop and length of yarn in the loop, which is higher in socks with the ribbed stitch because of the structure of the sock.
The increase of the covering coefficient reduces the permeability of the knitwear. With the very structure of the ribbed knitwear and the method of making loops on two-cylinder machines, where there is dragging of the loops with the upper and lower cylinders, the bigger loops and the knitwear opening are obtained, thus increasing the free space for greater airflow [13] .
The water vapor permeability of the knitwear is defined as the amount of vapor in grams passing for 24 hours through a square meter of the knitwear at the constant pressure (g•m -2 /24 h ) [14] . The water vapor permeability was investigated in three different shades of navy blue socks, grey and black, and for the plain and ribbed stitches. The test was performed by placing the knitwear samples above a glass of water at the temperature of 50 ºC, so that the water level was 35 cm below the upper edge of the glass. After 24 hours, the change of the sample mass and the level of the water in the glass were measured, and this defined the water vapor permeability.
The results of the water vapor permeability for the socks with a plain stitch are shown graphically in Figure  6 , and those for the socks with a ribbed stitch in Figure 7. 3(1) (2014) , 59-65 A comparative study of the diagrams of the water vapor permeability of the socks with a plain stitch and the diagrams for the socks with a ribbed stitch, shows that the loop length has a negligible effect on the results of the water vapor permeability. In both cases, the highest value for the water vapor permeability was obtained with the socks made from the bamboo yarn compared to other types of the yarn.
The socks made from the yarn blend 60 % cotton and 40 % PES have the closest results to those obtained for the plain stitch socks made from the bamboo yarn. The socks with the ribbed stitch have the water vapor permeability similar to the socks made from the yarn blends 60 % cotton and 40 % PES, but the highest value of the water vapor permeability was obtained for the socks made from the bamboo yarn.
The test of resistance to pilling was done on the device ICI Pilling Box Tester, which has the form of a cube. It consists of a rotating wooden box lined with cork where the samples are tumbled, and the extent to which the knitwear is resistant to pilling is determined by examination. The obtained results show that the plain stitch socks made from the bamboo yarn, viscose yarns and 60 % cotton and 40 % PES blend yarn showed grade 4, which is very good for this type of knitwear and for its use and purpose. Plain stitch socks made from cotton yarn showed the lowest value in this case, grade 3.
In the resistance to the pilling test, the socks with a ribbed stitch made from all types of yarns had grade 4. It can be said that the bamboo yarn, in both cases, showed excellent results, compared to other investigated yarns.
The obtained values confirm the excellent quality of the socks made from the bamboo yarn, which guarantees a long time of exploitation.
Conclusion
Owing to the similarity of the structure of the bamboo yarn with other yarns used (yarn count, density, number of twists), a comparison of knitwear (plain and ribbed stitch) produced from conventional natural yarns and regenerated cellulose yarns, the conclusion is that the socks made from the bamboo yarn showed excellent results. Most notably, the results obtained in testing the air permeability and the results in testing the water vapor permeability should be emphasized.
It can be concluded that in future, the bamboo yarn will become more prevalent in the textile industry thanks to the properties in its possession.
The bamboo yarn has some extraordinary properties: -It is the healthiest natural material for the skin! -Bamboo grows under natural organic conditions -without pesticides or fertilizers, unlike ordinary cotton, for the cultivation of which 25 % of the total amount of pesticides in the world is used. -Bamboo fiber is hypoallergenic -perfect for extremely sensitive baby skin. -Clothing made from the bamboo fiber yarn has thermoregulatory effects -it helps maintain the body temperature, which is of particular importance for small babies.
Eco-friendly -one of the most important qualities when it comes to the bamboo fiber is the fact that bamboo absorbs 35 % more carbon dioxide than trees! More bamboo in the nature contributes to the reduction of the level of CO2 on a global level, and therefore significantly helps the fight against global warming. Bamboo helps prevent soil erosion because it absorbs more water than other plants. Bamboo belongs to the grass species, so it can regenerate and no human labor is necessary for its cultivation. -Due to the specific structure of bamboo, the knitwear has excellent ventilation and keeps the warmth. This contributes to the feeling of freshness and relaxation, and has a particularly good effect of cooling in the summer.
Bamboo fibers contain pectin, which has a calming, refreshing and nourishing effect on skin cells. In addition, it acts as an antibacterial and natural deodorant agent. The tests have shown that these effects are preserved even after numerous washings, and that the number of bacteria is reduced by more than 70 %. Also, bamboo fibers are healthier than the fabrics treated with chemicals, which are often the main causes of allergies in children and adults.
Bamboo fibers absorb moisture exceptionally well -they absorb about 32 % of moisture in relation to their weight, compared with 8 % for cotton, or 12 % for viscose.
Having in mind the results of this study it can be concluded that the bamboo yarn has a great potential in the future.
